Abstract -A recent powerful method f o r t h e characterization of particles in colloidal dispersions is provided by small angle neutron scattering. application of t h i s technique f o r t h e examination of particle size, particle size distributions, adsorbed layers and particle-particle interactions is described.
INTRODUCTION
Dispersions of particles with a size in t h e colloidal domain (ca. 1 nm t o 1 Hm) occur widely in industry, in biology and indeed in everyday life. Their properties can d i f f e r greatly depending on concentration, particle size, particle shape, additives present and t h e nature of t h e forces acting between t h e particles ( r e f . 1 ) . Thus the characterization of dispersions i s a subject of major importance. The definition of what i s required in terms of characterization depends on t h e investigator and t h e subsequent use of t h e material. However, characterization requirements would typically include, particle size (mean o r modal 1, distribution of particle sizes, surface area, particle morphology, particle shape, extent of adsorption of surfactants or polymeric species, the nature of the interactions controlling the physical behaviour of t h e dispersion ( r e f . 2 ) .
In t h i s contribution I will draw attention t o a technique which has been developed extensively in recent years and which provides a powerful means of examining colloidal dispersions in t h e fluid state ( r e f . 3 ) .
As with all scattering techniques, e.g. those employing light, X-rays or neutrons, t h e neutron beam is, in general, non -destructive and by defining a scattering volume with t h e beam a good statistical distribution of particles can be examined. The scattered signals generated by t h e particles, particularly with angular variation, contain a substantial amount of information about t h e time-average ( r e f . 4) and dynamic behaviour of the system ( r e f . 5 ) . In t h e case of small angle neutron scattering t h e advantages include t h e following:-i ) t h e wavelength used is typically between 5 and 20 8. This is small angle neutron scattering.
A k e y problem is interpretation of t h i s information. This is of the order of o r smaller than t h e size range of many colloidal particles. occurs in t h e scattered intensity as a function of scattering angle; Thus considerable variation ii ) t h e difference between t h e scattering cross-sections of hydrogen and deuterium i s significantly different. particles enables t h e scattering from these parts t o be distinguished and thus enables structural information t o be obtained. and deuterated solvents considerable variation in scattering can be obtained which significantly helps t h e basic analysis of data;
of t h e sample.
Hence selective deuteration of p a r t s of molecules and
Also by t h e use of mixtures of hydrogenated iiil t h e neutron beam has considerable penetrating power and is insensitive t o the colour
THE TECHNIQUES OF SMALL ANGLE NEUTRON SCATTERING
The basis of a neutron scattering experiment is illustrated schematically in Fig. 1 . When t h e neutrons are generated in a reactor t h e primary beam passes through a velocity selector which determines t h e wavelength of t h e beam and t h e spread of wavelengths. A f t e r collimation with t h e neutron guides t h e beam passes through t h e sample.
often contained in a quartz cuvette, and reaches t h e beam stop. scattered by t h e sample at various angles reach t h e multi-detector. The latter is an extremely important p a r t of t h e instrument, and usually consists of a 64 x 64 a r r a y of detector cells, i.e. in total 4096 cells. The neutrons captured by t h e cells are converted into electrical pulses which can be registered on computer hardware f o r subsequent analysis. For isotropic samples t h e results can be radially averaged, with each radius on t h e detector corresponding t o a value of t h e scattering angle 0 . Any anisotropy of scattering by t h e sample i s readily detected in t h e 2-dimensional a r r a y o f data. The range of 0 values can be adjusted by changing t h e sample-detector distance. Frequently, a material such as water which has considerable incoherent scattering from t h e H-atoms and gives a constant intensity profile as a function of e i s used as a standard substance t o convert t h e scattered intensity into absolute units, t h e number of neutrons scattered per unit of time per steradian. t h e magnitude of t h e scattering vector is defined by the quantity
The neutrons
For elastic scattering Q = 4 n s i n ( e / 2 ) / A where X is t h e wavelength of t h e incident beam. with A = an instrumental constant required t o convert I ( Q ) t o absolute units, pp.= t h e coherent scattering length density of t h e particles and p m = t h e coherent Scattering length density of t h e medium. P ( Q ) is t h e single particle scattering function given by ( r e f . 7 1 , with R = t h e particle radius, so t h a t V fraction of t h e dispersion, 9 , i s given gy NpVp. The values of coherent scattering lengths f o r molecules can be calculated directly from the coherent scattering lengths of t h e isotopic atomic constituents; Some typical values are given in Table 1 which illustrate t h e differences between hydrogenated and deuterated compounds. = 4nR3/3; we note also that t h e volume t h e values are independent of 0 and A . 
Experimental results obtained on polystyrene latices containing particles w i t h number average diameters of 34.6 nm, 132.0 nm and 202.0 nm ( r e f . 8 ) are shown in Fig. 2 . The results are plotted in t h e form Rn P ( Q ) against Q and hence t h e plots are normalised at Q = 0.
an indication of t h e narrow distribution of particle sizes in t h e samples. noted t h a t as t h e particle size increases, there i s a s h i f t of t h e curves towards t h e ordinate. t o fit t h e experimental data polydispersity has t o be introduced into equation ( 1 ) . There are various approaches t o t h i s problem and Gaussian, Schultz and log-normal distributions are often used. one f o r computational fitting of data and can be used in t h e form ( r e f . 9,101.
The experimental data show distinct maxima and minima providing It should be However, most colloidal dispersions are not monodisperse and hence in order
The zeroth-order log-normal distribution is a convenient e x p [ -I R n R -Rn Rm) 2 2 / 2 a.
where Rm = t h e modal radius of t h e particles and u0 is a parameter which gives t h e width of t h e distribution.
standard deviation a d = a . Rm. Equation ( 2 ) can readily be combined with equation ( 1 ) in order t o fit experimental data as shown in Fig. 2 (continuous line) giving, Rm =
nm,
A Comparison between t h e particle size distribution curves obtained by small angle neutron scattering and transmission electron microscopy is shown in Fig. 3 . 
PARTICLE MORPHOLOGY -N O N HOMOGENEOUS PARTICLE
In many samples encountered in colloid science the particles are not homogeneous -a typical example being t h e situation in which t h e particles have an adsorbed layer of a surfactant o r a polymeric species. sphere particle where a shell of one material surrounds a spherical core particle. t h e core particle, of radius R1, can be composed of a material of coherent scattering length pc, and be surrounded by a shell of thickness, R2-R1, of coherent scattering This gives theoretically t h e case of a concentric Thus length, p s .
pm, t h e scattered intensity is given by ( r e f . 11 1
If t h e composite particle i s dispersed in a medium of scattering length, One of t h e unique opportunities which is provided by neutron scattering is that w i t h an appropriate mixture of deuterated and hydrogenated solvents Pm can be made zero.
We then obtain, (refs. 8,12,13) shows t h a t ps vs = "s bs where ns = t h e number of molecules in t h e shell and bs t h e scattering length of t h e adsorbed molecules.
[ I ( Q = O)lc+s f o r t h e particle w i t h t h e shell, both f o r Pm = 0 then,
O)], is obtained f o r t h e bare particle and Since R1 i s also determined from experiments on t h e core particle, t h e surface area is available, and hence t h e amount adsorbed can be obtained. A n adsorption isotherm obtained by t h i s method f o r t h e nonionic surfactant, decyl pentaoxy ethylene glycol 2 monoether i s shown in Fig. 4 . The plateau region of t h e isotherm corresponds t o a surface excess of 2.34 x mol cm'2 corresponding t o an area p e r molecule of 708 .
In many cases t h e colloid stability of t h e dispersion i s dependent on t h e presence of an attached layer and hence t h e core particle cannot be examined independently. However, in t h i s case, equation ( 3 ) w i t h variation of pm can be employed t o obtain both t h e shell thickness and t h e amount adsorbed ( r e f s . 10 
CHARACTERIZATION OF PARTICLE-PARTICLE INTERACTIONS
In dilute dispersions of colloidal particles t h e number concentration is usually low and hence interactions between particles occur rather infrequently. dispersions, however, t h e particles are in constant interaction and consequently an ordering of t h e particles occurs which is dependent on t h e number concentration and t h e strength o f t h e repulsive interactions. The spatial correlations which occur as a consequence of t h e interactions lead t o interparticle interference effects which can be incorporated into equation ( 1 ) The form of g ( r ) against r depends markedly on t h e t y p e of interaction occurring between t h e particles. In t h e case of electrostatically stabilised particles, t h e interactions are repulsive and long-range at low electrolyte concentrations and short range at higher electrolyte concentrations.
10-4 mol dm-3 with small particles ( R = 155 8) ordering begins t o occur at quite low volume fractions. in Fig. 5 . A t t h e lowest volume fraction an excluded volume region i s apparent and then g ( r ) approaches unity; t h i s suggests t h e dispersion i s behaving rather like a gas. amplitude when t h e volume fraction is increased t o 0.13. amplitudes decay t h u s indicating t h e presence in these systems of short-range order and long-range disorder ( r e f . 14).
Thus at electrolyte concentrations of t h e order of This is clearly indicated by t h e plot of g ( r ) against r results shown A t a volume fraction of 0.04 a strong f i r s t peak is apparent which increases in With increase in r t h e peak In t h e case of sterically stabilised particles, such as those w i t h a core of polymethyl methacrylate and a stabilising layer o f poly-12-hydroxy stearic acid the interaction is v e r y close t o t h a t of a h a r d sphere ( r e f . 1 5 ) . in other words, interaction does not occur until t h e outer shells come into contact. In t h i s case as shown in Experiments o f t h i s t y p e a r e c u r r e n t l y h e l p i n g t o i d e n t i f y t h e f o r m o f t h e p a i r potentials w h i c h a r e important f o r t h e characterization o f t h e interactions between p a r t i c l e s in concentrated dispersions.
It i s also now apparent t h a t these dispersions form excellent models f o r s t u d y i n g t h e b e h a v i o u r o f p h y s i c a l states, e.g. by analogy, gaseous, fluid a n d c r y s t a l l i n e a n d hence also t h e phase changes w h i c h c o r r e s p o n d t o changes o f state.
